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An investigation w a s  conducted t o  determine the  practicability of 
using  blade boundary-layer control in  order t o  obtain high turning 
angles in a stator-blade row. The slotted stator blades were desiDed 
by a potential-flaw method f o r  a 45O turning angle  with law 60lidity 
u s i n g  1 percent boundary-layer bleed. These blades were fnstalled in 
a 14-inch tipdiameter,  single-atage compressor. Several slot- 
configurations designed t o  reduce the  large secondary flows produced 
by the original blades were tested. These secondary flaws caused high 
losses through the  stator  blade row. fChese losses must be reduced if 
such blading is t o  be practical. In addition, a means of' boundary- 
layer  control was installed on the hub ahead of the stator blades ' t o  
*rove the  entrance  conditions. 

The over-all performance of the  stage was obtained fo r  a range of 
weight flows a t  each of three tip speeds with and without hub suction. 
These results  together  with wake surveys indicated  that,  although  the 
design  turning w a s  obtained, the slots created  large local static- 
pressure gradients which caused separation from the w a l l s  and greatly 
increased  the secondary flows. ' 

INTRODUCTION 

A recent  the,metical  investigation  (reference 1) indicated that 
use of boundary-layer control r m  the  stators of the  latter  stages of a 
multistage ccanpressor t o  obtain  large  increases i n  turfing  angles 
through these .stators w o u l d  -rove the performance of the cowressor 
by increasing  the  pressure  ratio in the  latter  stages and  broadening 
the  operating range. - 

I 

. .  In order t o  evaluate  the  practicability of these  blades by deter- 
L mining $he quantity of boundary-layer bleed  necessary t o  obtafn  these 

high turnings as w e l l  as the  .efficiency of these  blades,  a set of stator 
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blades  especially designed for boundary-layer bleed w a s  installed i n  a 
variable-ccmponent, single-stage  cmpressor.  Varims  suction s l o t  con.- 
figurations on the  blade  surfaces were studfed over a range of cm- 
pressor speeds and weight flows. Because all . s l o t  conf'iguratims tested 
increased  the secondary flaws, particUlarly at the hub, boundary-layer 
bleed was introduced an the hub ahead of the  stators in order t o  help 
control  these flows. This investigation was conducteclat the HACA L e w i s  
lab oratory . . . .  ... ... 

The variation of total-pressure ratio and .efficiency  witkT:orrected 
weight flow is presented for the best  slot  configuration tested with 
and without hub boundary-layer control. 

SYMBOLS 

The following symbols are used i n  this r e p o e :  

a velocity of ft /sec 

C blade chord, f t  

M Mach number 

. . . . . . .  P taka1  pressure,  lb/sq f t  absolute I .  ." . 

P s ta t ic  presrmre-, lb/sq f$ absolute . . . ~ . "~  . 

r radius t o  blade element, ft ." . 

5 - equivalent t i p  speed corrected t o  mACA standard  sea-level con- , 

. .  

f i  ditions, ft/sec 

v absolute ,air velocity, f%/sec 

W compressor weight flow, lb/sec 

- 

w$ compressor  weight flow corrected t o  W A  standard  sea-level- con- 
ditions,  lb/sec 

B absolute  air-flow  angle measured fram axis, deg 

8 ra t io  of inlet t o t a l  pressure t o  IUCA standard  sea-level  pressure 

adiabatic  efficiency 

e ratio of inlet total temperature t o  NACA standard sea-level tan- 
perature - - . . .  .. . .  

. .  

". 

.. 
.. - 

." . "" 

. . .  - ..... 

" r . 

. -  
". "I 

.... . .  

a solidity, chord/blade spacing - 
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Subscripts : 

t t i p  

0 measurtng station  at  inlet  tank  (see fig. 5) 

1 measuring station after rotor (1.22 in. upstream of stator-blade 

2 measurbg station &er stator (1.50 in. downstream of stator- 

leading edge, see fig.  5) 

blade trailing edge, see f i g .  5) 

S W Q R - B m  CEESIGm 

The stator  blades were designed by u s i n g  the two-dimensional 
potential-flow method of reference 1 t o  obtain  the  tip and hub sections 
and fairing  l inearly between these  statims. The sections were designed 
t o  turn the air 45O with an inlet-air  of 45' a,nd I-percent 
boundary-layer bleed. The in le t  Mach numbers were 0.6 et the tip and 
9.7 a t  the hub. These conditions approxkuate the design rotor-exit 
conditions as given in reference 2. The blades w e r e  set i n  the case so 
that the entering air made the design angle w i t h  the  blade chord a t  the 
design speed and  weight flow. The hub and tip  sections  and.their two- 
dimensional potential-flow  velocity  distributions  are shown i n  figures 1 
t o  4. 

The in i t i a l   t e s t e  of this blade shared large W e s  and therefore 
severalaslot  configurations were tr ied.  The "best" of these configura- 
tions was used. in  the performance tes ts .  

Flow Passage 

The stator blades were installed in  a 14-inch tlp-diameter, 
variable-ccmrponent, axial-flow canpressor. A cross  section of the flaw 
passage is shown in figure 5. .The guide vanes and rotor  bhdes used 
were those  of-reference 2. The  hub contour was  the same as that  of 
reference 2 t o  a  point approximately 0.65 inch -stream of the  stator- 
blade leading edge.  Dawhtream of this. point the- hub radius was con- 
stant a t  5.825.inches,  giving a stator-blade  hub-to-tip diameter r a t i o  
of 0.832. The  downstream edge of the rotor w a s  located  approxhmtely - 0.100 inch from the stafmr-blade leading edge. The 0.06-inch clearance 
space between the  rotor and the inner $all- of the d i s c k g e  passage was 
used as a hub suc-biozi slot for removing boundary-layer a i r  immediately . in  front of the stator blades. Stator-blade hub clearance was 0.010 inch. 
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Ccrmpressor Installation 
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The compressor a s t a u t i o n  i s .  shclwn - 6 c h e t i c a Q  in figure 6. 
Air was drawn from-the test cel l   in to  a depre-saia $ask tfirargh a 
standard  thin-plate  orifice mounted on the end of . a n  orifice tank. In 
order to. obtain uniform flow a t  the ccmpressoi. inlet, a series of 
screens, filter pqer ,  and -a 3- by 3-inch haneyconib  were located in the 

the  laboratory exhaust system. 

. .  

depression tank. &. was discharged f'rm the- ccim@ressor collector into. .. 
. .  

2 
QJ 

Individual  tubes welded into  the  blade  bases. led t o  a cannon mani- 
Fold f o r  the  application. o f .  suction t o  the .stat.grrblade- .s_Ttots (see . . . . . . . . . . . .  

fig. 5). The  manifold WES connected through a calibrated  orifice t o  
the m i n  exhaust system. Suction weight f l o w  w&8 controlled by a valve.. 
in  the  orifice line. Tubes f i t ted.  into the caxpressor rear bearing 
housing  were used t o  .apply suction t o  the hub slot. The suction sir - 
from the hub s lo t  was discharged through a second maaifold and a call- 
brated  orifice t o  .the .main exhaust system. A valve in the  orifice - Une 
was used t o  control  the  suction weight flow. 

-. - . - -  

. .  " " 

. -  

. - " 
. .  

Instrumentation 

Instrumentation f o r  the determination of mer-all  and stator-blaae' . . .  

performance was  located  in.the depression tank, damstream of the rator 
blades, and downstream of the stator blades. A summary -of the  instru- * 
mentation is given -kc tab le  I. 

" 

- 

. " -  

Pressure  andtmperatyres measured in the depressicm tank. weqe . . .  

assumed t o  be stagnation  values. The .thermocouples a t   s ta t ion 2 were 
connected differentially with tho.se i n  the depression tsak so that a 
circumferentidly averaged value of the  tanperatwe rise across the 
compressor could be cKLcQlated f o r  each of the radial  measuring stations. 

. .  

Compressor weight f low was measured with a standard  thln-plate 
o r i f i c e  located at the  inlet  t o -  the  crrlfice  tank.  Calibrated  orifices 
i n  the  .suction  piping were used for measurement of the weight flows 
removed through the blade slots and the hub s l o t .  Comgressor speed . . 

was measured by a precision-type  electronic tachameter. 

. - . .  
- " 

. .  

. .  - .  . ~ 

. .  . " 

. . . .  . . .  .. Test Procedure . . "_ 

The first phase of the test. programwag. a n  investigation of several 

L _ .  -_ 
"~ ,- 

blade-slot  configurations in order t o  determine the location of slots 
and the  quantity of sucticm nece-ssary t o  most effectively reduce the 

. - .  

.. " 

w 
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stator-blade  losses. The s lo t  configurations  considered  are &awn i n  
the order of their  use in  figure 7 .  The first stator blades  installed 
w e r e  slotted with the  single 0.020-inch s l o t  of configuration A. In 
order t o  t e s t  tQe other s l o t  arrangements, only three blades were modi- 
f ied and the f l o w  conditions were determined  behind these  blades.  Per- 
fonnance f o r  each slot configuration was determined at the design- 
equivalent t i p  speed' of 836 feet  per second and a t  a weight f low that 
gave approximately the design  angle of attack  at  the mean radius of 
the stator blades. Blade suction was varied  in'order t o  &termhe  the 

suction was not used. The blade-slot  configuration F used f o r  the 
major part' of the  investigation was the one  which produced the most 
desirable f low pattern dawnstream of the stator blades as determined 
by total-pressure wake surveys,  This configuration does not  necessarily 
represent the opthum obtainable  but w a s  W h i t e l y  the best investigated. 

L effect of the  quantity of a i r  removed on the  blade performance; hub 

In the second phase of the program, a ccaqplete set  .of stator  blades 
slotted as canfiguration F (fig. 7) was installed fn the compressor, 
and over-all performance data were taken a t  equivalent t i p  speeds of 
585, 753, and 836 feet  per second. A t  each speed a ccm@lete range of 
weight flows m s  covered from the maximum that could be obtained with 
the  constant  inlet  pressure of 25 inches of mercury absolute t o  the 
point of f low instability. For each speed, data were taken first with- 
out hub suction and then w i t h  approximately 2 percent of the inlet weight 
flow removed by hub suctian. A t  each data. point, the blade-suction 
weight flow was se t  so  that the slots were  choked i n  order t o  keep the 
radfal  distribution of suction weight uniform. . 

Calculation Methods 

The total-pressure  ratio used i n  this  investigation was obtained 
from a mass-flow-weighted average of the  isentrapic energy input  inte- 
grated  across  the flow passage (reference 3). The adiabatic  efficiency 
used in  evaluating  the canpressor performance was calculated from a 
mass-flow-weighted average of the total-temperature r i s e  across  the 
canpressor and a mass-flow-weighted average of.the  isentropic power 
input.  (reference 3). 

31ot C o n f i g u r a t i o n  

When the stator bhdes w i t h  the  original s l o t  configuration A 
( f ig .  7) were f i r s t   t e s t@  in   t he  compressor a t  design speed and  weight 
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flow, there was very l i t t l e  difference. i r thewakes with o r  without 
blade suction. Both wakes  were very large. The turning angle was con- 
siderably less. than  design, which indicated that the f l o w  had separated 
from the blade. .. " 

The s l o t s  on three  blades were enlarged t o  0.040 inch,. which 
improved the wake at the  pitch radius but =de. the wake at the hub and 
t ip  larger.  When slots 0.'080-inch wide were tried,. & h e  &e- a t  the- 
blade t ip '  w&s very small but  the wake a t  the hub was increased  greatly, 
indicating that the boundary layer on the hub was flawipg across  the 
channel and up the  suctim  surface of the blag +d thereby causing the 
flow t o  separate. In an attempt. t o  reduce the .flow~_up the b-ia&, -the - 

slot configurations D and E were tested,   but  l i t t le,  if any, effect on - 
the blade wake near the hub w a s  noted. 

. .  

. ~ . .  

. -  

In order t o  reduce the  separation, two. 0.02.0-inch slots, configura- 
tion F, were  used. The design turning was obtained with these blades, 
and, although  .the wake  was large, it was the  smallest f o r  all the 
blades tested. The wake w a s  very similar i n  shape t o  that produced by 
the 0.080-inch slot but  requfred much less air $0 .be removed, .. - 

The remainder of the  statar blades were Blotted in th i s  manner for 
the  over-all performance tes ts .  Also hub bomdxqy-layer control by a 
s l o t  located  just upstream of the  stators- (see.. f i g .  5) was installed. t o  
help  contro1.tb.e  blade wake a t   the  hub. 

. ." . 

Over-AU. Performance 

In the initial testing various blade and hub-suction w e i g h t  f l o w e -  
were used. The smallest wakes  were obtained with the bla& slots  choke;l. 
and with two  percent of t h e .  t o t a l  cmpregsor weight flow.being removed 
through the hub s lo t .  These values were uaed'in determining the over- 
all performance of the  stage. 

The over-all total-pressure r a t i o  . Pz/Po and adiabatic  efficiency 

flad are plotted  ag&inst  corrected weight flow i n  figure 8, and 

the  ratios of the  suction weight  flows to  the  tat& inlet w e i g h t  f l o w  
are plotted  against the corrected w e i g h t  f low Fn figure 9. The a v e r - d .  
stage performance .E ,quite poor when canpared with-the. S t o r  Uid[e-Vani 
pressure  ratio and efficiency as 'given i n   r e f - s < z A 4 ,  b d h & . n g  that ' 
although the desi- turning was obtained h the stators the losses were. 
very high. The hub boundary-layer c a t r o l  had a small effect on ef f i -  - 
ciency a t   the  high spe-eds but  inmessed  the  efficiency  considerably a t  
the l o w  speeds,  and was most effective where the pes6xe. . ra t io  was. . -" 

. . .. 

. . . . " . . . -. . . 

. - . . . . . . 

smell. . .  . . .  

. 
* '  

(D 

." _ _  -- . 

. " 
" 
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. .  
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" 

" 
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Stator-Blade Wakes . .  

' 7  

N 
u1 
tP 
a3 

The stator-blade walse (measured at station 2) with the  blade slots 
choked  and wtthout hub suction  for  the desi= speed and w e i g h t  flow is 
sh-am in figure 10, where the change in total pressure  divided by the 

dynamic head - for  the six radial positiorw is  plotted  against 

circumferential  distance in  degrees frm a  point  dfrectly sxial of the 
t ra i l ing edge of one blade t o  a point  directly axial of the next blade. 
The mean flaw angles  vary only slightly from the axial direction so that 
a  point  directly downstream of' the traiUng edge of the  blade would fall 
between Oo and lo in figures 10 and 1l. Figure l l  shows the wake a t  
the same f low conditians  as  figure u) but w€th 3-percent hub suction. 
The r e m o d  of the boundary layer on %he hub reduced the peaks in   the  
wake considerably,  but in most-  of the channel the  reduction was small. 

p1-p2 
p1-1 

The high-loss regions are not  directly downstream of the  trall inn 
edge of the blade but are located  at  least 20 percent of the channel 
width from a position  directly downstream of the  trail ing edge, indl- 
cating that the main loss  does not ar ise  froan separation on the  blade 
but probably from separation on the  case and extremely la rge  eecondary 

1 f l o w s  (figs. 10 and u.) . 
The approximate stre-es Fn a two-dimensional potential flow - past  the hub section of the  stators are shown in figure 12. In the. 

neighborhood of the  suction s lo ts  the  streamlines near the  suctiau sur- 
face of the  blade curve sharply, which results in  large  local  diffusion 
rates  (as in  the stream tube aa) . These large diffusions apparently 
cause the flow t o  separate frm the compressor case. Also where the 
streamlines curve sharply, the cross-channel static-pressure gradi-t 

,is very large and therefore induces l a rge  sec@ary flaws. 

The existence of the  large secondary flows and separated  areas were 
indicated by hydrogen sulfide traces. One blade and one passage were 
coated with a thin film of lead oxide;  and when the comgressor was m- 
ning a t  design conditions, hydrogen sulfide w a s .  introduced into  the 
baundary layer on the Inner  case -at a point approxhately 1/4 inch d m -  
stream af the  leading edge of the s t a t o r  and 3/16 inch from the  suction 
surf ace. . ." . 

Without blade  suction  the  lead  sulfide  traces an the case showed 
l i t t l e ,  if any, deflection toward the  suction  surface of the  blade. The 
streak lines in the w h i t e  lead  indicated  the flow had separated from the 
blade surface  just upstream of the first suction s l o t  (fig. 13). 

The traces with  blade suctim  are sh&n in figure 14 where the  area 
between the dashed l ine and the end of the  bhde  .indicates  the  area where 
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lead sulfide w a s  formed on the  blade. Figure 15 i s  a sketch of the 
traces on the m e r  case. The area enclosed by-the dashed l h e  indi- 
cates  the area where the  lead sulfide was formed on the case. The solid 
l h e s   a r e   t h e  streak lines (similar t o  those i n  fig.  13) -formed i n  -the 
lead oxide by the  scarring  action o f .  the air .  In the channel near.  the 
slots the  streak lines show that the flow has apparently  separated f'ran 
the case .at the  point  indicated in figure 15.. The high-loss regions in 
the  blade wake sur'veys (figs. 10 and 1l) are-  directly downstream af 
this point. 

C O N C L u D r n  REMARKS 

This investigation of slotted  stator blades designed Par blade . .  

boundary-layer cmtra l  has s h m  that large turning angles (a t   l eas t  450) 
can be obtained in a compressor stator w i t h  law-solidity  blades. This 
turning was obtained by removing 2 t o  3 percent. of ..the .a* for b,&de - . 

boundary-layer control. However, the  suction  slots  created high local.  
static-pressure  gradients'which  greatly  increased  the secondary flotrs 
and caused separation  from-the  case so that  the  total--presswe  lo6ses 
through these  stator  blades w e . e .  large. Consequently, the secondary 
flows and walLseparatian caused by the slats must be  controlled by 
some means (such as  distributed  suction) i f  such stator  blades are t o  
be practical. 

Lewis Flight Propulsion Laboratory 

Cleveland, Ohio 
National Advisory Committee fo r  Aeronautics 
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TABLF I - IIYsTRrnMIrn 

Instrument 

Total temperature 

Wedge-type static-pressure  probe 3.tatl.c pressure 

Claw-type probe Flow angle 

Hook-type totabpressure probe Total pressure 

Thennocqle  probe 

T O M  messure 1 25-tube total-wesaure mk.e 

Flow angle I Claw-type probe 

Static  pressure Wedge-type static-pressure  probe 
Outer wall taps 

brier wall taps 

Totel t qpe ra tu re  & t i p  thermocouple probe 

CFrcumfer- 
entia1 
position 

1 

1 I 
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Figure 1. - Stator-hLade profile at. t is,  r 6  0.5833 feet3 
c, 0.1238, feet; u p  '0.811 MI, 0.6; pl, 45 ; pZJ Oo. 

. .  

- 
- .  - .. . . ." 
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Figure 2. -. Two-dimensional potentfal-flow  velocity 
distribution on t i p  section -of stator blsde. 

- .  
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Figure 3. - Stator-blade  pro f i l e  at hub. r 0.4854 fee 
c y  0.1238 feet; CJ, 0.97; M1, 0.7; B1, 456; B2, Oo. 

!t; 

0 20 40 60 I 8 0 .  100 
Chord, percent 

Figure 4. - Fo-dimensional potential-flow  velocity  distribution 
on hub section of s ta tor  blade. 
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Figure 7. - Suct ion  slot configurations. 
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Figure 10. - Btator - losa  eurvey. U+)fl, 836 feet per second.; W @,6, 13.47 p u d n  per second; 
blade suction might flow, 0.35 p o d  per 6econdj without hub auction. ' 
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Figure 11. -Stator-lose meg. Ut,/@, 8% feet per second; lid@, 13.42 pounds per second; 
blade suctim weight flow, 0.39 pound per second; hub auction wel&t flow, 0.41 pound per 
second. 
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Figure U. - FLow traces on blade without blade suction. 
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Figure 14. - Flow traces on. blade with blaae suction. 

. 
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Point of separation 7 -  

Figure 15.- - Sketch of lead sulfide traces on-inner case. 
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